Introduction
After injury to the epidermis, the keratinocytes around the site respond by a change in their pattern of differentiation (1) and after about 24 hr start to proliferate (2) . The alteration in the maturation pathway can be detected by expression of the w-3 and AE-1 antigens in suprabasal keratinocytes. After injury by formation of a suction blister site, the induction of w-3 staining is propagated about 1 mm in 24 hr. It follows that a signal is passed along the epidermis minimally at this speed. This study was originally undertaken to investigate a possible mechanism for transmission of a diffusible injury signal.
Intercellular diffusion of molecules through gap junctions has been explored in mouse skin by 4) and in human epidermis by Salomon et al. ( 5 ) , by following the spread of Lucifer Yellow injected into epidermal keratinocytes in situ. These authors found that transmission of the dye was limited to at most a couple of dozen neighbors of the injected cell. Diffusion of a control factor through this pathway would not account for the extent of activation of keratinocytes after injury.
Extracellular diffusion is known to occur in the epidermis, as has been shown by Elias and Friend (6) and Schreiner and Wolff penetration was insensitive to PMSF, 1:10 phenanthroline, or N-ethyl maleimide and was also observed in an in vivo injury, indicating that it was not an artifact of proteolytic or degenerative changes. In contrast, horseradish peroxidase failed to penetrate, suggesting molecular size limitation to channel entry. Diffusion of Lucifer Yellow beneath the stratum corneum marks a pathway for the lateral movement of small molecules of potential importance in the normal physiology of the skin, drug delivery, and pathology. ( J Histo- (7) using horseradish peroxidase and lanthanum injected into the dermis. It is generally assumed that much of the nutrition of the epidermis is provided by the dermis. Therefore, the existence of a rapid diffusion pathway between dermis and epidermis can be expected and any diffusible signal spreading from the epidermis into the dermis will be removed into the bloodstream.
The approach taken in these experiments was to follow diffusion of Lucifer Yellow CH into punch biopsy specimens, specifically to identlfy pathways that allow transmission in the plane of the body surface. In view of the results with peroxidase, data of interest with this technique were limited to sites lacking direct connection with the dermal intercellular spaces.
Materials and Methods
Lucifer Yellow, horseradish peroxidase, and protease inhibitors were all obtained from Sigma (St Louis, MO).
Human skin was obtained from tissue discarded during elective cosmetic surgery to the face. Punch biopsy specimens (4 mm) were removed as soon as possible after operation (within 1 hr), immediately immersed in MCDB 153 (8) containing 0.1 mglml Lucifer Yellow CH, and incubated at room temperature for a suitable time. The specimens were then removed, fixed in 10% buffered formalin, and cut in half. After dehydration they were embedded in paraffin and sectioned across the cut face. Samples of Balbk mouse skin were removed with scissors immediately after the death of the animal, without shaving, and Lucifer Yellow penetration was determined as described a h . Sections wrre examined by epi-illuminated fluorescence microscopy using 450-490-nm exciting light, a 495-nm dichroic fil-909 Figure ter. and a 530-nm. 14-nm bandpass barrier filter. Photographs were taken using standardized conditions.
In companion experiments, horseradish peroxidase (6,7) was used in place of Lucifer Yellow. Biopsyspecimens(4 mm) were incubated with 23.8 mglml horseradish peroxidase in MCDB 153 at 37'C in a CO2 incubator for various lengths of time. Specimens were harvested, washed briefly in PBS. and frozen in OCT (LabTek; Naperville. IL). Cryostat sections were incubated with 0.5 mg/ml3.3'-diaminobenzidine tetrahydrochloride (Polyscience; Warrington, PA), 0.01% Hz02 in PBS for 10 min at room temperature, counterstained with hematoxylin, and mounted in Permount.
A series of experiments was performed to control for the possible effects of formalin fixation on detection of the lateral diffusion channel. These included fixation of biopsy specimens with formaldehyde before incubation with Lucifer Yellow and incubation of unfixed tissue with Lucifer Yellow, followed by cutting sections frozen and examination as a dry mount. In addition, formalin-fixed tissue was incubated with horseradish peroxi-dase and the distribution of the enzyme was determined with FITC-antihorseradish peroxidase antibody (Cappel: West Chester, PA).
For evaluation of Lucifer Yellow penetration into human skin in vivo, a suction blister 4 mm in diameter was prepared on the inner surface of the upper arm ofa human volunteer by the method ofKiistala and Mustakallio (9). after obtaining informed consent, and the roof removed. The floor of the blister was then irrigated with 0.1 mglml Lucifer Yellow in saline for 3 hr using a "skin window'llike chamber. At the end of the incubation, a 4-mm biopsy specimen was removed from the edge of the blister floor, fixed in 10% buffered formalin, and processed as described above.
In experiments involving protease inhibitors, 6-mm punch biopsy specimens from facelift skin were incubated for 3 hr at 37'C in the presence of 1 mglml Lucifer Yellow and 1 mM phcnylmethylsulphonyl fluoride (PMSF), 1.10-phenanthroline. or N-ethyl maleimide (NEM). alone or in combination (1 mM PMSF plus 1 mM 1.10-phenanthroline plus 1 mM TPCK plus 10 mM EGTA plus 1 mM leupeptin). Specimens were then fixed in buffered formalin, cut, and examined as described above.
Results
As expected, Lucifer Yellow penetrated and intensely stained the dermis in the biopsy specimens. Remarkably little staining was seen in the cellular part of the epidermis in intercellular locations (Figure 1) . At the cut edge of the section, staining could be seen penetrating laterally to a distance of one or two cells in the Malpighian layers of the epidermis, but little further penetration took place beyond two cells. We attribute this staining to cell injury. The result supports the view that the living cells of the epidermis possess few open lateral gap junctions under those conditions (3).
A band of intense staining was seen in the lower stratum corneum or upper granular layer, the region that has been described as the stratum lucidum or "transition zone" (10) . Fluorescence in this region was most intense close to the edge of the biopsy specimen and decreased away fron subcorneal dye penetration was clearly detectable. Addition of mounting fluid caused the highly diffusible dye to spread widely and no pattern was seen. The channel was also visible in tissue fixed I with formaldehyde before incubation in Lucifer Yellow. Under high magnification (Figure 3) , Lucifer Yellow appeared to be confined to a few layers of thin cells, which sometimes separated to leave non-stained regions. Our interpretation was that the dye diffused through an intracellular channel in the lowest enucleate layers of the stratum corneum, being passed from cell to cell through intercellular connections in this very cohesive part of the horny layer.
One possible explanation for the channel is that it is the result of autolysis in facelift skin. We tested this in two ways. First, we carried out penetration experiments in the presence of 1 mM PMSF to inhibit serine proteases (Figure 4a ), 1,lO-phenanthroline to inhibit metalloproteases, and NEM to inhibit thiol proteases ( Figure  4b ), both singly and as a mixture of PMSF, l,lO-phenanthroline, TPCK, EGTA, and leupeptin. In no case was the penetration affected. Second, fresh, open suction blisters were incubated for 3 hr with Lucifer Yellow in a skin chamber in situ. Examination of a biopsy from the edge of the blister showed corneal dye penetration, much as in facelift skin (Figure 5 ) . The diffusion channel can thus be detected in vivo in non-degenerating skin around an injury site.
Biopsy specimens from psoriatic epidermis stained with Lucifer Yellow showed penetration in the lower layers of the thickened stra- As a control for absorption through the stratum corneum, Lucifer Yellow was applied to the surface of the skin for 6 hr before tum corneum, in a similar manner to that in normal epidermis ( Figure 6 ).
In companion experiments using horseradish peroxidase as a high molecular weight diffusion marker, the protein penetrated the dermis, but no lateral subcorneal penetration, like that seen with Lucifer Yellow, was detected (Figure 7) . These experiments were carried out in two ways. In the first, the tissue was prepared for microscopic examination by cryomicrotomy, which allowed simple visualization of the horseradish peroxidase with dimethyl ben-~~ removing the biopsy specimen, but no penetration was seen. The possibility that the diffusion pathway was an artifact of shearing during preparation of the specimen was tested by using a scalpel cut as the site of penetration. The pattern of penetration was exactly as observed for biopsy specimens.
The possibility that the staining pattern of Lucifer Yellow resulted from specific binding to the lowest layers of the stratum corneum or because it was easily washed out of the epidermis was tested by flooding frozen sections with Lucifer Yellow, fixing, and examining them. Uniform moderate staining was seen throughout the dermis and epidermis, whether or not the tissue was fixed before preparation of the frozen sections. No preferential subcorneal staining could be detected (Figure 2) .
The rationale for the original experimental design was to allow diffusion of the Lucifer Yellow for a defined length of time and then to fix it in place by cross-linking through its hydrazide group with fomaldehyde. The possibility that formaldehyde caused redistribution of the dye was eliminated by avoiding fixation and using dry-mounted frozen sections. Although the definition obtainable with dry mounts was inferior to that obtained with fixed material, zidine as a substrate. Under these conditions the protein penetrated between the cells of the epidermis as far as the granular layer, as described by Elias and Friend (6) . In the second, to ensure that the results were not artifacts of the procedure, experiments were carried out in which the tissue, after incubation with horseradish peroxidase, was fixed with formaldehyde and sectioned exactly as carried out for Lucifer Yellow. The enzyme was visualized with FITC-anti-horseradish peroxidase antibody. In this case, peroxidase penetrated the dermis but was not detectable in the epidermis. In neither type of preparation was a subcorneal pathway visible.
Discussion
The experiments reported here differ from and are complementary to other studies on diffusion pathways in the epidermis. Schreiner and Wolff (7) and Elias and Friend (6) used intracutaneous injection of peroxidase and lanthanum to detect intercellular diffusion pathways in the dermis and epidermis. In their experiments, molecules as large as proteins diffused freely as far as the granular layer but were stopped at that point by extruded lamellar bodies. Using in situ precipitation, Nemanic and Elias (11) demonstrated a diffusion pathway for butanol between corneocytes in the stratum corneum. Kam and co- workers (3,4) and Salomon et al. ( 5 ) have injected Lucifer Yellow into individual cells in the dermis and epidermis. They observed extensive cellular connection in the dermis but only limited coupling in the epidermis. Our experiments are consistent with these observations, very limited lateral diffusion taking place in the cut spinous layer keratinocytes at the edge of the injury. Only the cut cells and possibly the immediately adjacent cells showed any uptake of the dye. This was ascribed to direct physical damage to the cells or to diffusion from immediate damaged neighbors, as described by Kam and co-workers (3.4) and by Salomon et al. (5) . However, the route of application of the channel tracer that we used in the present experiments, through the surface exposed by a vertical cut, detected a novel diffusion path-way in the epidermis apparently superficial to the diffusion barrier detected by intradermal injection of horseradish peroxidase, and beneath the water-impermeable layers of the stratum corneum.
We believe that the penetration of Lucifer Yellow occurs from the edge of the biopsy specimens and not from the dermis or through the stratum corneum, for four reasons. First, the dye concentration shows a gradient from the cut edge of the specimen. Second, the extent of penetration is progressive with time. Third, we have been unable to demonstrate penetration through the stratum corneum directly. Fourth, the channel can be observed in penetration experiments carried out in vivo.
The diffusion of Lucifer Yellow CH in these experiments can be contrasted to staining and penetration patterns obtained with other dyes, such as fluorescein isothiocyanate and trypan blue. Lucifer Yellow CH was selected for these studies on the grounds that it is a low molecular weight hydrophilic dye that does not bind specifically to cell components but can be bound covalently on formaldehyde fixation through its hydrazine group. It is unable to penetrate intact cell membranes. These are the same properties that have led to its use as a tracer of nerve cell ramifications. Fluorescein isothiocyanate, in contrast, binds specifically to corneocyte membranes without activation by fixative (12) . Trypan blue is able to penetrate permeabilized membranes but was not used for this study because of the lack of a chemical structure suitable for binding in situ by a fixation process. The importance of this consideration was evident in our experiments with Lucifer Yellow CH in unfixed tissue, in which we observed rapid dispersion of the dye during examination.
Our data indicate that the diffusion channel is found in living skin in vivo and is not the result of tissue autolysis. Indeed, injury to the cells of the epidermis causes an increase in its permeability to Lucifer Yellow. In experiments using NEM we noted downward penetration of Lucifer Yellow into the keratinocytes of the epidermis (Figure 4b) . NEM, as a thiol reagent, is very toxic to cells and we interpret the diffusion into the epidermis as being the result of cell damage. We observed a comparable situation in minor injury sites in biopsy specimens taken from Lucifer Yellow experiments in vivo. Our current interpretation of these results is that vertical intercellular communication is facilitated in injured epidermis.
The diffusion pathway appears to be intracellular through intercellular bridges. We prefer this explanation to dfision through intercellular spaces on two grounds. First, Lucifer Yellow does not outline corneocytes, as does, for instance, fluorescein isothiocyanate (12). Second, an intercellular diffusion hypothesis requires that the eye-shaped clefts seen in Figure 3 occur within rather than between cells. Electron microscopy indicates this not to be the case. The more superficial, basket-weave parts of the stratum corneum show no evidence for a lateral diffusion system.
The diffusion pathway reported here lies in the region of the epidermis in which mature cells of the stratum granulosum are converted by a hydrolytic process to corneocytes. Presumably, substantial amounts of amino acids, peptides, and other breakdown products of cellular constituents are released into the diffusion channel (13J4). Since they appear unable to diffuse back into the epidermis (6), they must be either taken up by the cells of the stratum granulosum or lost in the stratum corneum. The region has been shown to have special properties, such as the presence of a high capacity for binding zinc (15), antibodies, and lectins (unpublished observations), and exhibits a distinctive appearance under the electron microscope (10).
The formation of the lateral diffusion channel may be incidental to the cornification process. Extracellular movement of molecules past the most superficial cells of the granular layer appears to be blocked by lamellar bodies (6) which, in the more superficial layers of the stratum corneum, form a continuous lipid layer between the corneocytes. However, in the region in which the lamellar bodies are being incorporated into the forming lipid layers and hydrolysis of many cell constituents, perhaps including the original cell membrane, is occurring, free diffusion may take place. During this process, lipid-mediated corneocyte adhesion may not be fully developed and the lectin/glycolipid interaction described by Brysk et al. (16) , may be of particular importance in providing the intimate contact necessary for intercellular diffusion.
In summary, we have investigated the diffusion of a low molecular weight dye into epidermis from a cut surface and have observed progressive penetration with time in the lowest layers of the stratum corneum. This is the region in which conversion of granulocytes to corneocytes occurs, and contrasts with the live keratinocytes of the Malpighian layer that show little absorption of the dye. The size exclusion limit of the channel is small, as peroxidase is unable to penetrate it. The diffusion channel could be detected in skin in situ and in psoriasis and could not be ascribed to autolytic or fixation artifacts.
IL-1 and LTB4 have been reported to accumulate in the stratum corneum (17) (18) (19) and may be transported to an injury site. Such transport of lymphokines and inflammatory mediators constitutes a possible physiological function for the lateral diffusion pathway, allowing such factors to be brought in from a band-of stratum corneum 1 mm wide around the area of injury. The channel might also be of practical use for the introduction of water-soluble drugs into the epidermis after perforation of the stratum corneum with, for example, a 193-nm excimer laser (20).
